The energy transmission in a mechanically linked double-wall structure into an acoustic enclosure is studied in this paper. Based on a fully coupled vibro-acoustic formulation, focus is put on investigating the effect of the air gap and mechanical links between the two panels on the energy transmission and noise insulation properties of such structures. An approximate formula reflecting the gap effect on the lower-order coupled frequencies of the system is proposed. A criterion, based on the ratio between the aerostatic stiffness of the gap cavity and the stiffness of the link, is proposed to predict the dominant transmitting path, with a view to provide guidelines for the design of appropriate control strategies. Numerical results reveal the existence of three distinct zones, within which energy transmission takes place following different mechanisms and transmitting paths. Corresponding effects on noise insulation properties of the double-wall structure are also investigated.
I. INTRODUCTION
Double-wall structures are widely used in noise control engineering due to their superiority over single-leaf structures in providing better acoustic insulation. Typical examples include vehicles, partition walls in buildings and aircraft fuselage shells, etc. Early work can be traced back to London, 1 who discussed the sound transmission through double-leaf panels using a simplified model consisting of two identical walls. The model was then extended by Beranek, 2 leading to the London-Beranek model for noise transmission analysis of double walls with identical mass. Since then, the topic has received a great deal of attention. Various numerical techniques, such as the statistical energy analysis and the finite element approach, have been used for transmission calculation. [3] [4] [5] A clear understanding of the energy transmission mechanism between the two panels is of paramount importance in the design of such structures. Among other parameters, the air gap separating the two walls plays a critical role. A practical method for estimating the sound transmission loss of double walls was presented by Iwashige and Ohta 6 and was applied to analyze the popular case of light panels with an air gap. Antonio et al. 7 observed that the influence of the air gap on sound reduction was frequency dependent. At low frequencies a better performance was achieved using a thicker air layer, while at higher frequencies a thinner air layer was preferable. Meanwhile, filling the gap with porous sound absorbing materials to increase the sound insulation capability of such structures has also been investigated. Double-wall structures, however, are less efficient at low frequency around the mass-air-mass resonance at which the model for infinite panels reveals an out-of-phase motion of the two walls. 8 Until quite recently, there has been a persistent effort to explore the potential of using active controls to increase the transmission loss of double-wall partitions at low frequencies. [9] [10] [11] [12] [13] [14] Literature review shows that most previous studies used structures without any mechanical connections between the two walls. In such cases, sound/ vibration energy is entirely transmitted through the air gap, i.e., from the acoustic transmitting path. In many applications, however, there exist mechanical links to connect the two walls. As a result, energy might also be transmitted from the link, thus forming the structural transmitting path. In this regard, Bouhioui investigated the effect of mechanical joints on double wall systems using the finite element method. 15 Bao and Pan experimentally examined the effect of the mechanical path on the active control of noise transmission into an acoustic cavity. 16 Using a given configuration, they showed that the existence of the structural transmitting path presents formidable challenges to the control, in terms of both sensing arrangement and actuation mechanism. In fact, different transmitting paths ͑acoustic or structural͒ call for different control strategies. If the acoustic transmitting path is dominant, acoustic treatment or controlling the sound field inside the gap would be a natural choice, whereas when the structural transmitting path is dominant, effort might be put on reducing structural energy transmission. In a double-wall system, the energy transmission depends on many parameters such as the gap dimension, structural details and properties of the mechanical link. For a given configuration, unfortunately, unless a complete vibroacoustic analysis is performed, which is rather complicated and computationally demanding, there exists no simple rules to assess the relative importance of each transmitting path to further guide the decision-making process in terms of control.
In this paper we attempt to bring some answers to the above mentioned problems. The configuration under investigation is a mechanically linked double-wall structure, radiat-ing sound into a rectangular acoustic enclosure. Theoretical development is first carried out, taking into account the full coupling between different components ͑two panels, mechanical links, the gap cavity and the enclosure͒. Numerical studies are then conducted to investigate the coupling characteristics of the system, providing general information on energy transmission between different components. A simple formula is derived to estimate the gap effect on the fundamental frequencies of the coupled system. Effects of the air gap and the mechanical link on energy transmission between the two walls, and the noise insulation properties are studied. It is shown that the effect of the gap can roughly be represented by an equivalent stiffness term, which is calculated using parameters related to the gap cavity. A simple criterion, based on the ratio between the aerostatic stiffness of the air gap and the stiffness of the mechanical link, is put forward to determine the dominant energy transmission path.
II. VIBROACOUSTIC MODELING
The structure under investigation, which comprises a double-wall structure connected to an acoustic enclosure and a mechanical link, is shown in Fig. 1 . The double-wall structure is composed of two homogeneous and isotropic rectangular panels, which are simply supported along their boundaries and separated by an air gap cavity with a volume V g . A mechanical link, located at (x m ,y m ), connects the two panels by its translational stiffness. The upper panel, called panel a, is subjected to external excitations; whereas the lower one, denoted as panel b, is coupled to the acoustic enclosure with a volume V e . Apart from the surfaces occupied by the two panels, A a and A b , all other surrounding walls of both the air gap and the enclosure are acoustically rigid.
A brief description on the vibroacoustic modeling of the coupled system is presented. For the two panels, the equations of motion under an external excitation P can be described as
for panel a, and in which ␦ is the Dirac delta function. As to the latter, an oblique incident plane wave is assumed. In general, the total pressure acting on the panel can be decomposed into three parts, i.e., the incident pressure, the reflected pressure when the panel is assumed rigid and the radiated pressure due to the panel vibration. It is generally accepted that the radiated pressure is rather low compared to the other two components. Therefore, by neglecting the radiated pressure towards the outside and assuming equal magnitudes for the incident and reflected pressure waves, the excitation pressure on the panel is twice the magnitude of the incident wave, known as blocked pressure:
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P ͑ x,y,t ͒ϭ2 P 0 exp͑itϪik 0 z cos Ϫik 0 x sin cos
where P 0 is the amplitude of the incident pressure, and and are the elevation angle and azimuth angle, respectively. k 0 ϭ/c 0 is the wave number with c 0 being the sound speed. In Eqs. ͑1͒-͑2͒, f m is the force produced by the mechanical link, which can be simulated by a spring with a stiffness K m as
In light of modal superposition theory, 18 w a and w b can be decomposed over their respective mode shape functions a,i j (x,y) and b,i j (x,y) of panels a and b as
where q a,i j (t) and q b,i j (t) are the modal coordinates to be determined. Substituting Eq. ͑5͒ into Eqs. ͑1͒, ͑2͒, introduc- ing viscous damping terms and applying the orthogonality properties of shape functions yield
where a,kl ͑or b,kl ) and m a,kl ͑or m b,kl ) are the klth natural angular frequency and the generalized mass of the klth mode of panel a ͑or b͒, respectively.
The acoustic pressure P g inside the gap cavity is governed by the classical wave equation,
, ͑8a͒
with the constraint of the continuity of velocity on different parts of the cavity walls,
where is the equilibrium fluid density and n the normal direction towards the outside. In general, P g can also be decomposed on the basis of acoustic mode shapes g, j as
where p g, j (t), g, j and m g, j j stand for the jth modal pressure amplitude, angular frequency and the generalized mass of the gap cavity, respectively. The following Green's theorem 19 can then be used to transform the above wave equation into a set of ordinary differential equations:
͑10͒
Substituting Eq. ͑9͒ into ͑10͒ and introducing a modal loss factor g, j lead to the following set of acoustic equations for the gap cavity:
where (n gx ,n gy ,n gz ) are the numbers of modes used in modal expansions for the gap cavity. L j,kl ag and L j,kl bg are the modal coupling coefficients between the jth cavity mode of the gap cavity and the klth structural mode of panels a and b, respectively:
͑12͒
In the absence of mechanical links, the structural-acoustic coupling occurs in a very selective way due to the orthogonality of trigonometric functions involved in mode shape functions. For instance, any symmetric mode of the panel is decoupled to an acoustic mode as long as the latter is antisymmetrical in one of the two directions parallel to the panel surface.
Similarly, the acoustic pressure P e inside the enclosure is expressed as
n e ϭn ex ϫn ey ϫn ez . ͑13͒
In Eq. ͑13͒, the quantities with the subscript ''e'' have the same meaning as those defined before but apply to the enclosure. In the case where the harmonic excitation is assumed, 
where the asterisk denotes the complex conjugate of the quantity. In the following, ͗V 2 ͘ is expressed in dB ref-
for air gap, 
III. NUMERICAL RESULTS AND DISCUSSIONS
A double-wall structure with a dimension of L L ϫL W ϫh a ϭ0.5ϫ0.35ϫ0.002 m 3 for the upper aluminum plate, a, and of L L ϫL W ϫh b ϭ0.5ϫ0.35ϫ0.003 m 3 for the lower one, b, is used in numerical simulations. The depth of the enclosure is set as h e ϭ0.55 m, while the depth of the air gap h g varies to investigate the gap effect. The modal loss factors are assumed as 0.005 for the two panels and 0.001 for the gap cavity and the enclosure.
The number of modes used for both structural displacement and sound pressure decomposition is the main factor affecting the accuracy of the solution. In general, the accuracy can be satisfied by increasing the number of modes until convergence is achieved in the frequency range of interest. In the present case, a careful convergence study was carried out by increasing the number for each variable involved in the modal expansion series, leading to the following selection: ͑9,7,2͒ for the gap cavity, ͑9,7,8͒ for the enclosure and ͑10,10͒ for the two panels.
A. Fundamental frequencies of the coupled system
Prior to detailed analyses on energy transmission, a proper estimation of the aerostatic stiffness of the air gap is necessary. A good indication of the aerostatic stiffness of the air gap is the changes in the low-order natural frequencies of the coupled system due to the variation of h g .
Upon assuming that only the mode ͑0,0,0͒ of the air gap affects the system, the first natural frequency of a cavitybacked panel ͑with a hard bottom͒ f coupled can be estimated as 20 f
where f in vacuo is the fundamental frequency of the panel in vacuo, m s is the generalized modal mass and L 0,s the coupling coefficient between the first panel mode and the mode (0,0,0) of the cavity.
In the case of a double-wall structure, the stiffness of the air gap, seen by both panels, is frequency dependent. As far as low frequency modes are concerned, however, the effect of mode ͑0,0,0͒ is overwhelming over other modes. Using Eq. ͑18͒, an aerostatic stiffness term K g can be defined as
Since the effect of the shallow gap on structural vibration surpasses that of the enclosure, a set of truncated equations can be obtained from Eq. ͑15͒ by neglecting terms related to the enclosure, while keeping those related to the first mode of each panel and mode ͑0,0,0͒ of the air gap. This operation leads to the following frequency equation: 
Thus, for the coupled system, the first two natural frequencies can be calculated by
shows that f coupled depend on both the frequencies of the fundamental mode of each panel and the aerostatic stiffness of the air gap. It can been seen from Eqs. ͑19͒, ͑21͒ and ͑24͒ that a decrease of h g leads to an increase of ⑀ a and ⑀ b , and subsequently the f coupled . Figure 2 compares the first f coupled calculated by Eq. ͑24͒ with the result obtained by the full coupling analysis based on Eq. ͑15͒ in terms of f coupled / f a ( f a ϭ59.7 Hz) using different h g /h e . A good agreement between the two curves shows the validity of the formula given by Eq. ͑24͒. As a special case when panel b is immovable, it can be mathematically shown that Eq. ͑24͒ gives the same expression as Eq. ͑18͒, the validity of which is also shown in Fig. 2 . In both cases, it can be seen that the derived formula gives a very good prediction on the changes in f coupled caused by the air gap. A shallow gap increases f coupled to a lesser degree if both panels are flexible. This effect tends to be negligible when h g becomes larger.
B. Mechanical excitation with subsections
General analysis
In this section, a harmonic exciting force with an amplitude of 1 N is applied to panel a at (0.4L L ,0.4L W ). To gain basic understandings, a coupling analysis without mechanical links is first investigated. The depth of the air gap is set as h g ϭ0.6h e . The natural frequencies of the coupled system, together with those of the corresponding uncoupled components ͑panels a and b, the air gap and the enclosure͒ are tabulated in Table I . A comparison between the two cases shows a significant alteration of the first two frequencies, dominated by panel a and b, respectively, in agreement with the results presented in Sec. III A. It should be pointed out that for the coupled system, the values of the natural frequencies are determined from the peak locations of the forced response curves, instead of solving the coupled eigenvalue problem. In order to identify the nature of a mode, the responses of each panel or the acoustic pressures of each cavity at the resonant frequency of the coupled system are calculated. Contributions of each subsystem can therefore be identified to determine the dominant component. The classification of different types of modes in a coupled system has been investigated previously. 21 For the sake of convenience, a mode is loosely labeled as ''mode dominated by one component'' to show the dominance of said component and the closeness of its natural frequency to its uncoupled counterpart.
As an example, the normal displacements of both panels at the first two resonant frequencies and the corresponding fluid velocities in the z direction in the gap cavity ͑contour͒ are illustrated in Fig. 3 . It can be seen that the first mode ͑ϭ67.3 Hz͒ is mainly dominated by panel a ͓Fig. 3͑a͔͒; whereas the second one ͑ϭ96.7 Hz͒ by panel b ͓Fig. 3͑c͔͒. The two modes involve in-phase and out-of-phase motions of the two panels, respectively. The velocity contours given by Figs. 3͑b͒ and 3͑d͒ clearly show the phenomenon of air pumping ͑stiffness effect͒ due to the difference between the motions of the two panels. Fig. 4͑b͒ . In addition, two resonances of the air gap give raise to high acoustic energy concentration. Comparing the sound pressure levels inside the two cavities, it can be seen that the sound transmission is particularly high at the first two resonances, related to panels a and b, respectively, and also at modes ͑1,0,0͒ and ͑0,1,0͒, where both the air gap and the enclosure undergo resonances. Generally speaking, the results based on the present configuration without a mechanical link seem to imply a clear forward transmission path ͑panel a-air gap, panel b-enclosure͒ with a relatively small feedback effect.
Effect of the depth hg
In order to reveal the effect of the depth of the air gap h g , the case when h g /h e ϭ0.2 is studied and the spectra of implying a more significant coupling and a stronger reverberation of energy when the double-wall structure has a shallow gap. Apart from these particular frequencies, the overall level of ͗V 2 ͘ a is basically not affected. Subsequent energy transmissions, however, be it for ͗V 2 ͘ b in Fig. 5͑a͒ , or L p,g and L p,e in Fig. 5͑b͒ , are all systematically increased to almost the same extent due to the decrease of h g .
Effect of the mechanical link
A mechanical link, modeled as a punctual translational spring with a stiffness of K m ϭ10 6 N/m is assumed to connect the two panels at (0.6L L ,0.6L W ). The spectra ͗V 2 ͘ and   FIG. 3 . Normal displacements of both panels at the first two resonant frequencies and the corresponding fluid velocities in the z direction at cross section yϭb 1 /2 in the air gap. ͑a͒ Displacements of two panels, ϭ67.3 Hz; ͑b͒ velocity distribution, ϭ67.3 Hz; ͑c͒ displacements of two panels, ϭ96.7 Hz; and ͑d͒ velocity distribution, ϭ96. L p when h g /h e ϭ0.2 with and without the link are plotted in Figs. 6͑a͒ and 6͑b͒, respectively. It can be seen that, compared with the case without a mechanical link, the transmission of vibration energy from panel a to b is significantly increased ͓Fig. 6͑a͔͒, resulting in an increase in L p inside both cavities ͓Fig. 6͑b͔͒. Although the vibration level of panel a remains more or less the same, resonance peaks are evidently altered. In addition, resonance peaks dominated by panel b can also be clearly identified in ͗V 2 ͘ a as well as in L p,g and L p,e . These results indicate a strong coupling between the two panels and a more significant energy transmission due to the introduction of a mechanical link, which is quite understandable.
Comparison between gap effect and mechanical effect on energy transmission
Previous results show that energy can be transmitted either through the acoustic path, especially with a shallow air gap, or through the structural path with a mechanical link, which are reflected by the parameters h g and K m . In this section we aim at developing a criterion to predict the dominant transmission path in the presence of a mechanical link.
Based on the fact that the area under the spectrum of the averaged quadratic velocity ͗V 2 ͘ can roughly represent the energy level within the analyzed frequency band, a global index characterizing energy transmission between the two panels can then be defined as
in which ͗V 2 ͘ b and ͗V 2 ͘ b are the areas under the spectra ͗V 2 ͘ b and ͗V 2 ͘ a , respectively. 5͑a͒ and 6͑a͒. Given a K m , ␥ pl drops rapidly with the increase of h g /h e , then smoothly bends before reaching a plateau. This tendency is most obvious when K m becomes relatively large. Obviously, the energy transmission undergoes three different zones. In the first fast dropping zone ͑before the symbol ''᭺'' in the curve͒, where the gap between two walls is shallow, ␥ pl is very sensitive to h g /h e , meaning that a slight change in h g has a significant impact on energy transmission between the two panels. Therefore, most energy will be transmitted from panel a to b through the air gap. The second zone is characterized by a smooth drop of ␥ pl ͑ended by a ''᭡'' in the curve͒, within which the gap effect on energy transmission is weakened and the air gap can be regarded as a soft spring. Energy is then transmitted simultaneously through the link and the air gap. In the plateau zone, ␥ pl is insensitive to h g /h e , implying that most energy is transmitted through the mechanical link rather than the air gap. The separating points between different zones apparently depend on the value of K m , which a stiff mechanical link reduces the first two zones.
The prediction of these three zones is helpful for determining the most significant energy transmitting path. To this end, a new parameter, defined as the ratio between the stiffness K m of mechanical link and the aerostatic stiffness K g of the air gap, is used to generalize the aforementioned phenomena:
Using this normalized parameter K , the same set of results used in Fig. 7͑a͒ is plotted in Fig. 7͑b͒ , which shows a systematic demarcation of the three different zones, irrespective of individual values of K m and h g /h e . Zone I is roughly delimited by K Ͻ0.1, in which the acoustic transmitting path is dominant; zone II is confined to 0.1Ͻ K Ͻ10, within which both acoustic and structural transmitting paths play important roles in energy transmission; and zone III covers the region K Ͼ10, in which energy transmission is mainly due to the structural path. Although the demarcation lines between different zones are very vague, the use of K indeed facilitates the prediction of the dominant transmitting path, since the calculation of K only uses the physical and geometrical parameters related to the mechanical link and the air gap.
C. Acoustic excitation
Different energy transmission paths between two walls certainly affect the noise isolation properties of the doublewall structure. This can be examined by investigating the noise peduction ͑NR͒ index when the panel a is subjected to an oblique incident plane wave. A NR index is defined as the difference between the outer surface-pressure level 
͑27c͒
It should be pointed out that the above definition is different from the conventional NR in that the receiving side of the sound is an enclosure. As a result, the dynamic behavior of the enclosure has an influence on the resulting NR. Figure 8͑a͒ shows ␥ NR when h g /h e ϭ0.2, for three cases: ͑1͒ K m ϭ0 ͑without a link͒; ͑2͒ K m ϭ10 3 N/m; and ͑3͒ K m ϭ10 6 N/m. The excitation is an oblique plane wave with P 0 ϭ1 Pa, ϭ60°and ϭ30°. All three cases exhibit a similar tendency when frequencies vary, i.e., poor insulation at low frequencies, especially around the first two resonances of the double-wall structure, with an obvious increase at higher frequencies. and case ͑2͒ shows a very significant energy transmission through the acoustic path. Increasing the depth of the air gap to h g /h e ϭ0.25 approaches the ␥ NR curve to that of case ͑1͒, implying a weakened acoustic transmitting path. If an even larger h g /h e is used ͑not shown͒, the ␥ NR curve will converge to the in vacuo one, that is, a total energy transmission through the structural path.
As a final remark, the observed phenomena and the established criterion would also be useful in the modeling of the double-wall system. Most of the practical double-wall structures have closely spaced panels, which most likely fall into zones I and II. Such structures require the inclusion of the air gap into the modeling. An exception occurs when the two panels are widely separated and connected by very stiff mechanical joints ͑zone III͒. In such cases, the air gap between the panels can be ignored to simplify the modeling process.
IV. CONCLUSIONS
Based on a fully coupled vibroacoustic model, in the present paper we focus on the effect of the air gap and mechanical links on the energy transmission and noise insulation properties of a double-wall structure coupled to an acoustic enclosure. Results lead to the following conclusions.
͑1͒
The existence of the mechanical link enhances the coupling between the two panels. As a result, the forward transmission path, the feedback effect and the reverberation of vibration energy between the two panels intensify. ͑2͒ The depth of the air gap has significant effects on both the vibration of panels and the energy transmission. The shallow gap has a remarkable added-stiffness effect on the panels and increases the forward energy transmission. A simple formula is proposed to estimate the coupled fundamental frequencies of the double-wall structure without a mechanical link. ͑3͒ In the presence of mechanical links, energy can be transmitted via both the acoustic path ͑through the air gap͒ and the structural path ͑through mechanical links͒. The stiffness of the mechanical link and the aerostatic stiffness of the air gap are shown to be two governing parameters. The latter can be roughly estimated using the definition given in the paper, which is based on the coupling between the first structural mode and the fundamental mode of the air gap. The ratio between the two stiffness terms forms a parameter K , which can be used to identify the most dominant transmitting path in a given configuration. Numerical results reveal three different zones, which involve different transmission mechanisms. When K is very small, e.g., K Ͻ0.1, corresponding to a soft mechanical link or a shallow gap case, energy goes mainly through the air gap to the system. On the contrary, when K is very large, e.g., K Ͼ10, the mechanical link will be the main media for energy transmission. In the intermediate zone, both the air gap and the mechanical link are responsible for transmission.
It should be mentioned that the proposed demarcation values of K , which are used to separate different zones, should be regarded as indicative values with a certain margin. The criterion put forward in the present study, in its simple form, provides a practical means to estimate the main energy transmission path without performing a complex vibroacoustic analysis. This information is believed to be useful for providing guide on the design of control systems.
